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ABSTRACT
Several analytic and numerical studies have indicated that the interstellar medium of a quasar host galaxy
heated by feedback can contribute to a substantial secondary signal in the cosmic microwave background
(CMB) through the thermal Sunyaev-Zel’dovich (SZ) effect. Recently, many groups have tried to detect this
signal by cross-correlating CMB maps with quasar catalogs. Using a self-similar model for the gas in the
intra-cluster medium and a realistic halo occupation distribution (HOD) prescription for quasars we estimate
the level of SZ signal from gravitational heating of quasar hosts. The bias in the host halo signal estimation
due to unconstrained high mass HOD tail and yet unknown redshift dependence of the quasar HOD restricts us
from drawing any robust conclusions at low redshift (z< 1.5) from our analysis. However, at higher redshifts
(z > 2.5), we find an excess signal in recent observations than what is predicted from our model. The excess
signal could be potentially generated from additional heating due to quasar feedback.
1. INTRODUCTION
The measurement of the temperature fluctuations in the cos-
mic microwave background (CMB) maps at large and small
angular scales have proven to be one of the most powerful
probes of cosmology (e.g., Spergel et al. 2003, 2007; Re-
ichardt et al. 2009; Dunkley et al. 2011; Das et al. 2011b,a; Se-
hgal et al. 2011; Sherwin et al. 2011; Hlozek et al. 2012; Re-
ichardt et al. 2012; Sievers et al. 2013; Calabrese et al. 2013;
Story et al. 2013; Planck Collaboration et al. 2014a,b,c,d;
Das et al. 2014; Hou et al. 2014; Planck Collaboration et al.
2015a,b,c,d; George et al. 2015).
The detection of the secondary fluctuations from astrophys-
ical sources via cross-correlation techniques with other wave-
bands have been the primary focus of many microwave exper-
iments (e.g., Diego et al. 2003; Hirata et al. 2004; Afshordi
et al. 2004; Cheng et al. 2004; Padmanabhan et al. 2005; Ho
et al. 2008; Chatterjee et al. 2010; Feng et al. 2012; Kova´cs
et al. 2013; Giannantonio et al. 2014; Munshi et al. 2014;
Cabass et al. 2015; Bianchini et al. 2015; Ferraro et al. 2015;
Ruan et al. 2015; Greco et al. 2015; Crichton et al. 2016;
Spacek et al. 2016; Zieser & Merkel 2016; Verdier et al. 2016;
Soergel et al. 2016). The Sunyaev-Zeldovich effect (SZ; Sun-
yaev & Zeldovich 1970, 1972), arising from inverse Compton
scattering of CMB photons happens to be the dominant sec-
ondary signal at angular scales of an arcminute. The SZ effect
creates a spectral distortion in the CMB and serves as a probe
for accumulations of hot gas in the Universe (see Carlstrom
et al. 2002 and references therein).
The major SZ signal comes from galaxy clusters which are
reservoirs of keV energy electrons (e.g., Birkinshaw et al.
1978; Joy et al. 2001; Hincks et al. 2010; Staniszewski
et al. 2009; Planck Collaboration et al. 2015e). However,
apart from the cluster signal several small scale astrophysical
sources produce measurable SZ distortions in the CMB (e.g.,
McQuinn et al. 2005; Iliev et al. 2007; White et al. 2002; Ma-
jumdar et al. 2001; Aghanim et al. 2000; de Zotti et al. 2004;
Rosa-Gonza´lez et al. 2004; Massardi et al. 2008; Babich &
dhruba.duttachowdhury@yale.edu
suchetana.physics@presiuniv.ac.in
Loeb 2007; Oh et al. 2003; Aghanim et al. 2008; Reichardt
et al. 2012; Archidiacono et al. 2012; van de Voort et al. 2016).
The SZ signal from these sources provides a new observa-
tional tool to study the role of baryonic physics on structure
formation.
A generic astrophysical signal that is related to the SZ dis-
tortion from hot gas surrounding an active galactic nucleus
(AGN) has been studied by several authors using analytic and
numerical tools (e.g., Natarajan & Sigurdsson 1999; Aghanim
et al. 1999; Yamada et al. 1999; Lapi et al. 2003; Platania et al.
2002; Roychowdhury et al. 2005; Chatterjee & Kosowsky
2007; Scannapieco et al. 2008; Chatterjee et al. 2008; Zanni
et al. 2005; Sijacki et al. 2007). The first attempt to detect this
signal was carried out by Chatterjee et al. (2010) who used
a technique of stacking quasars from the Sloan Digital Sky
Survey (SDSS; Schneider et al. 2010) onto the CMB temper-
ature maps from the Wilkinson Microwave Anisotropy Probe
(WMAP; Bennett et al. 2003).
Chatterjee et al. (2010) reported a tentative detection of the
signal within the noise sensitivity and the angular resolution
of WMAP. Recently, several other teams have tried to detect
this signal using the Planck Surveyor Satellite (R15 hereafter
Ruan et al. 2015; Verdier et al. 2016, V16 hereafter), the
Atacama Cosmology Telescope (ACT; Crichton et al. 2016,
C16 hereafter) and the South Pole Telescope (SPT; Spacek
et al. 2016). Spacek et al. (2016) co-added the SPT (e.g.,
Staniszewski et al. 2009) SZ maps around quiescent ellipti-
cal galaxies and showed that the observed mean integrated
Compton Y parameter is greater than that is expected from
simple models without feedback.
R15 prepared two different stacks of Planck SZ maps and
cross-correlated them with the SDSS quasar catalog. The two
stacks corresponded to two different redshift intervals (z> 1.5
and z < 1.5). By assuming the high redshift SZ signal to be
dominated by quasar feedback, R15 showed that the low red-
shift signal is consistent with a combination of quasar feed-
back signal with the same feedback parameters as obtained
from the high redshift stack along with an assumed contribu-
tion from the gas in the intra-cluster (ICM) medium of quasar
host halos.
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FIG. 1.— Comparison of R15 (magenta circle) and V16 (orange square)
observations for 〈Y˜ 〉 with predictions for the host halo signal considering
only gravitational heating of the halo gas from KS and PC13 Y −M relations.
Quasars are populated in dark matter halos according to the HOD models
of Richardson et al. (2012) and Shen et al. (2013). The low redshift signal
of R15 is consistent within error limits with the host halo signal predicted
using R12 quasar HOD. Using S13 quasar HOD we get a marginally lower
value for the host halo signal than what is observed. The high redshift signals
of both R15 and V16 are in excess than the host halo contribution predicted
from our model.
C16 analysed a sample of radio quiet SDSS quasars with
redshifts spanning from 0.5−3.5. By stacking Herschel (Lutz
et al. 2011) and ACT (Hincks et al. 2010) data, they derived
the spectral energy distribution of quasars in millimeter and
far infrared wavebands. Assuming a quasar host halo mass
distribution of (1−5)× 1012 h−1M C16 find that after cor-
recting for dust emission, the observed signal is in excess over
that expected from gravitational heating of virialized halo gas
alone, favoring a quasar SZ contribution.
V16 analysed Planck SZ maps cross correlated with SDSS
quasars in the redshift range 0.1 < z< 5. For their radio quiet
quasar sample they detected thermal SZ emission at 2.5< z<
4 with no significant SZ emission at lower redshifts. This is in
contradiction to the findings of R15 who detect SZ emission in
their z< 1.5 stack. V16 note that the enhanced signal of R15
is possibly due to improper dust correction. For z> 2.5, V16
find that the observed signal may or may not be explainable
with gravitational heating alone depending on uncertainties in
the systematics of the Y-M calibration.
In this paper, we theoretically examine the validity of the
detection of SZ effect from quasar feedback in R15, C16 and
V16 using a Halo Occupation Distribution (HOD) based ap-
proach. We propose that the interpretation of the observed sig-
nals is largely dependent on the precise characterization of the
mass distribution of quasar hosts, with possible biases arising
from poor constraints available on the high mass HOD tail and
the largely unexplored redshift dependence of the HOD. For
example, using a HOD model of quasars, Cen & Safarzadeh
(2015) show that the signal in R15 can be explained by SZ
effect arising from the virialized halo gas alone. We apply a
different HOD model proposed by Chatterjee et al. 2012 (C12
hereafter) to characterize the SZ contribution from the virial-
ized gas in the quasar host halos and use it to interpret the
findings of the cross-correlation signals.
Our paper is organized as follows. In §2 we briefly describe
our model for quantifying the host halo SZ signal. The results
of our analysis are presented in §3. We discuss the implica-
tions of our results and summarize the main conclusions in
§4. Throughout the paper we assume a spatially flat, ΛCDM
cosmology (Planck Collaboration et al. 2015a): Ωm = 0.31,
ΩΛ = 0.69, Ωb = 0.048, ns = 0.97, σ8 = 0.82, and h= 0.68.
2. THEORETICAL MODEL
The thermal SZ temperature distortion at a frequency ν is
given by (Sunyaev & Zeldovich 1970, 1972)
∆T
T0
= [xcoth(x/2)−4]y, (1)
where T0 is the mean CMB temperature (2.73 K) and x =
hν/T0. The temperature distortion is parametrized by the di-
mensionless Compton y-parameter which is proportional to
the line-of-sight integral of the electron pressure (Pe). The
total SZ distortion (Y ) from a halo can be obtained by inte-
grating the line of sight signal over the solid angle subtended
by the halo at the position of the observer.
The thermal energy of the electron gas can be calculated as
Ee =
3
2
∫ Rvir
0
Pe dV (2)
For protons and electrons in thermal equilibrium, the total en-
ergy of the ICM gas is given by
Etot =
(
1+
1
µe
)
Ee, (3)
where µe is the mean particle weight per electron which we
assume as 1.17. To estimate Y and Etot from the virialized gas
of quasar host halos in absence of feedback, we use two dif-
ferent methods, namely the analytic prescription of Komatsu
& Seljak (2001) (KS hereafter) and the observed Y500−M500
relation of Planck Collaboration et al. 2013 (PC13 hereafter).
The main ingredients of the KS model are as follows: The
dark matter density in a halo is described by the self similar
NFW profile (Navarro et al. 1995). The ICM gas is assumed
to be in hydrostatic equilibrium, with gas pressure gradient
balancing the gravitational attraction of the dark matter. In
addition, the gas is assumed to have a polytropic equation of
state and gas density is assumed to follow dark matter at halo
outskirts. The model does not take gas cooling and star for-
mation into account. For further details on the model we refer
the reader to KS.
PC13 measured the SZ signal from host halos of locally
brightest galaxies in the SDSS DR7 catalog as a function of
their stellar masses. By assigning halo masses to these galax-
ies according to the semi-analytic galaxy formation simula-
tion of Guo et al. (2011), they found a simple power law
scaling between Y500 and M500 extending over a wide range
of halo masses from rich clusters down to atleast M500 =
1.34×1013h−1M. The observed relation after rescaling Y500
from each source to a common angular diameter distance of
500 Mpc is given by
Y˜500 = YM
(
M500
3.0×1014M
)α
(4)
The power law exponent α is fixed at 5/3 which arises from
assuming the ICM gas to be in virial equilibrium with an ef-
fective average temperature. The best fit value for the normal-
ization factor YM is found to be (0.73±0.07)×10−3 arcmin2.
We assume the validity of this relation for halo masses below
M500 = 1.34×1013h−1M as well. For further details on this
model, we refer the reader to PC13.
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FIG. 2.— Comparison of R15 (magenta circle) observations for 〈Y˜ 〉 at me-
dian redshift z = 0.96 with predictions for the host halo signal considering
only gravitational heating of the virialized gas from KS and PC13 Y −M re-
lations. Quasars are populated in dark matter halos according to the HOD
models of Richardson et al. (2012) and Shen et al. (2013) but the mass of
quasar hosts is restricted below M200 = 1014 h−1 M. The estimated signals
are now lower in magnitude than the observed signal at low redshift indicat-
ing that host halo signal modeling at low redshift is sensitive to the high mass
HOD tail.
FIG. 3.— Comparison of C16 observations (magenta circle) for the mean
total thermal energy with estimates for the mean total thermal energy of the
host halo gas due to gravitational heating alone from KS and PC13 Y-M re-
lations. Quasars are populated in dark matter halos according to the quasar
HOD models of R12 and S13. While the host halo signal predicted using S13
HOD is consistent with the observations, that predicted using R12 HOD is
above the observed value.
R15 integrate the Compton-y from each source over a pro-
jected radius of 3.75 h−1Mpc. On the other hand, PC13
measurements constrain Y in a spherical volume of radius
R500. Given these differences, R15 note that their observed
Y˜ = 1.52 Y˜500. Similarly C16 note that given the ACT beam
size, their observed Y˜ = 1.8 Y˜500.
To model the average Y in a stack of SZ maps cross-
correlated with several quasars, we need to model the host
halo distribution of SDSS quasars. To model the distribution
of quasar numbers in dark matter halos we follow the HOD
formalism (e.g., Berlind & Weinberg 2002; Zheng et al. 2005,
2007; Chatterjee et al. 2012). The HOD defines the condi-
tional probability that a halo of mass M at redshift z hosts N
quasars. We use the 5-parameter HOD model proposed by
C12 which is motivated from a study of low luminosity AGN
in cosmological hydrodynamic simulations. This particular
HOD model has been successfully used to describe the clus-
tering properties of z= 1 quasars (Richardson et al. 2012, R12
hereafter) and X-ray bright AGN (Richardson et al. 2013) val-
idating the general universality of AGN properties.
According to this model quasars are divided into two
classes, namely central and satellite. The mean occupation
function for central quasars is given by a softened step func-
tion and that for the satellite ones is a rolling-off power law.
The C12 HOD with five free parameters (Mmin, σlog M , M1, α,
Mcut) is given as
〈N(M)〉= 1
2
[
1+ erf
(
logM− logMmin
σlogM
)]
+
(
M
M1
)α
exp
(
−Mcut
M
)
. (5)
The average Y˜ (integrated over a range of halo masses and
redshifts) is then given as
〈Y˜ 〉=
∫ zmax
zmin
∫Mmax
Mmin Y˜ (M,z) 〈N(M)〉 dndM dM dVdz dz∫ zmax
zmin
∫Mmax
Mmin 〈N(M)〉 dndM dM dVdz dz
, (6)
where dV is the comoving volume between redshift z to z+dz
and dndM is the comoving density of dark matter halos per unit
halo mass for which we adopt the Sheth & Tormen (1999)
mass function. Similarly, the average host halo thermal en-
ergy 〈Etot〉 can be calculated.
We adopt the best-fit HOD parameters from R12 which
were obtained by fitting the 2-point correlation function
of quasars in the SDSS DR7 catalog at 0.4 < z < 2.5
with a median redshift of 1.4. The best fit values
are logMmin(h−1M) = 16.46+0.5−0.02 , σlogM = 1.67
+0.2
−0.01,
logM1(h−1M) = 12.47+3.3−0.6 , logMcut(h
−1M) = 15.29+0.2−0.6
and α = 0.616+1.9−0.12. R12 interpret their derived HOD to be
representative of the true HOD of quasars at the median red-
shift of their clustering sample. However, in our model for
the average host halo signal we assume the HOD to be red-
shift independent and use the R12 parameters for all redshifts
in the range 0.1 < z< 4. This can possibly lead to bias in our
calculations and we discuss this issue in §4.
We also calculate the average host halo signal at all red-
shifts using the best-fit parameters from Shen et al. (2013)
(S13 hereafter). S13 used the C12 HOD model for fitting the
2-point cross-correlation function of quasars with galaxies in
SDSS DR7 catalog at 0.3 < z < 0.9 with a median redshift
of 0.5 and obtained the best-fit parameters (Mmin, σlog M , M
′
1,
α, M0) as logMmin(h−1M) = 19.46+0.61−0.64 , σlogM = 2.73
+2.0
−2.1,
logM
′
1(h
−1M) = 16.24+0.81−0.51 , logM0(h
−1M) = 12.74+0.86−1.05
and α = 1.19+0.37−0.33. We however note that due to the narrow
redshift range of the S13 sample, R12 HOD will do a com-
paratively better job in predicting the host halo signal at high
redshifts ( z> 1) than S13 HOD.
3. RESULTS
In Fig. 1 we present our results for 〈Y˜ 〉 calculated using
both PC13 and KS models corresponding to R15 and V16
quasar samples. For comparison with the low redshift stack
of R15, the limits for the redshift integral in Eq. 6 are taken
as zmin = 0.1, zmax = 1.5. Similarly, for comparison with
the high redshift stacks of R15 and V16, the limits are taken
as zmin = 1.5, zmax = 3.0 and zmin = 2.5, zmax = 4.0 respec-
tively. For PC13 model, the error bars in the calculated signals
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represent a combination of the uncertainties in the measured
Y500 −M500 relation and HOD parameters. For KS model,
they represent uncertainties in the HOD parameters only. We
find that in case of R15 measurements (magenta circle), ob-
served 〈Y˜ 〉 at low redshift (z< 1.5) is consistent with the sig-
nal we can expect from the virialized gas in quasar host ha-
los using both PC13 (blue square) and KS (brown asterisk)
models with the R12 host halo distribution (M200 varies from
1012 h−1 M to 1015 h−1 M). Although the best-fit esti-
mates are higher than the observed signal, they overlap within
the 1 σ error limits.
For the high redshift stack of R15 (z> 1.5) however, these
estimates are about an order of magnitude lower than the ob-
served signal. The absence of massive halos at high redshift
together with a redshift independent HOD gives rise to a de-
crease in the host halo signal. If the S13 HOD parametrization
is used (M200 varying from 1011 h−1 M to 1015 h−1 M), we
find that the estimated host halo signal for the low redshift
stack of R15 (cyan cross for PC13 and black dot for KS) is
marginally less than the observed signal. For the high redshift
stack these estimates are roughly about 2 orders of magnitude
lower than the observed signal.
In the R15 study, all pixels within the angular extent of
known clusters are masked. The tSZ maps used in this anal-
ysis are derived from Planck Collaboration et al. (2011) early
SZ cluster catalog. The least massive clusters in this catalog
have masses of the order of M500 = 0.6× 1013h−1M which
translates to M200 ∼ 1014h−1M using M200/M500=1.6 (Duffy
et al. 2008). In Fig. 2, we show how applying this mass-cut
affects the host halo signal modeling for the low redshift stack
of R15. Using R12 HOD with host halo masses varying from
M200 = 1012h−1M to M200 = 1014h−1M, we find that the
observed signal at low redshift is at least 3 times higher than
the estimate using PC13 model and at least 2 times higher than
the estimate using KS model. Using the S13 HOD with host
halo masses varying from 1011 h−1 M to 1014 h−1 M leads
to an even lower prediction for the host halo signal. At higher
redshifts on the other hand excluding/including the high mass
HOD tail makes almost no statistical difference in the signal
modeling. This is expected because of the small number of
massive (M200 > 1014 h−1 M) halos at high redshift.
In their study, R15 neglect the contribution from host halo
gas in their high redshift sample, assuming it to be entirely
dominated by feedback. For their low redshift stack, R15 es-
timate the contribution from host halo virialized gas by find-
ing the mean Y˜ at z= 0.5 using the Shen et al. (2013) 5 and 6
parameter HODs and rescale it to z= 0.96. They find it to be
around 2 to 3 times smaller with the 5 and 6 parameter models
respectively than the observed signal. From our analysis, we
would like to note that the interpretation of the observed sig-
nal at low redshift depends on the HOD model used and also
on the range of host halo masses considered which would be
dependent on the quasar selection function. For the high red-
shift stack of R15 on the other-hand, there is clear evidence
of enhanced signal. Our maximum host halo signal estimate
using PC13/KS model with R12 HOD is about an order of
magnitude lower than the observed signal. This leaves room
for the excess signal being attributed to heating of the ICM by
quasar feedback. R15 also draw a similar conclusion for their
high redshift stack, however they do not calculate the level
of host halo signal that could be present and assume it to be
entirely feedback dominated.
Contrary to the R15 results, V16 report that they find no ev-
idence for tSZ signal from quasars below z< 2.5. They argue
that the enhanced signal detected by R15 is due to improper
dust subtraction. However, above z = 2.5, V16 do detect tSZ
signal from quasars marked by the orange square in Fig. 1.
This is obtained by stacking Planck SZ maps cross-correlated
with SDSS quasars in the redshift range 2.5 < z< 4.0. Planck
measures Y500, which has been converted to Y˜ using the con-
version factor from R15 for the sake of comparison. V16 find
the host halo contribution for this sample of quasars by first
obtaining a lower mass bound such that the total number of
quasars at 2.5 < z < 4.0 is equal to the total number of ha-
los in this redshift range predicted from Tinker et al. (2008)
mass function. They then obtain the mean mass of quasar
hosts by integrating the mass function above this mass limit
for this redshift range and find it to be 2.18× 1013 h−1 M.
This is then used to predict the average host halo signal using
the Y500−M500 relation from Arnaud et al. 2010.
The Arnaud et al. (2010) relation is calibrated from XMM
observations of galaxy clusters and therefore has a mass bias
parameter, b which accounts for any bias between the esti-
mated mass and the true halo mass due to deviation from hy-
drostatic equilibrium. Planck cluster counts suggest a high
value of b and taking b = 0.4, V16 find the that host halo
contribution accounts for about 40% of the observed signal.
However, V16 implicitly assume 〈N(M)〉= 1.0 for all masses
above the said lower mass bound. Having total number of
quasars equal to total number of halos over a certain redshift
range does not necessarily mean that they are equal for each
mass and redshift bin. As such it is possible that they could
be over estimating the mean mass and thus 〈Y 〉. If b is taken
to be zero, then their estimate for the host halo signal is just
1σ below the observed signal.
In our model, maximum host halo signal is obtained from
using the R12 HOD. With PC13 model for the ICM, we esti-
mate the host halo signal to be at most∼ 11 % of the observed
signal. Using KS model the estimate is at most∼ 16 %. While
we find much more excess signal than what can be expected
from gravitational heating of gas alone, our results should also
be interpreted with caution because of the extrapolation of
R12 HOD parameters to 2.5 < z < 4. R12 did do a cross-
correlation study for z∼ 3.2 quasars and found the mean mass
of halos hosting central quasars to be 14.1+5.8−6.9 ×1012 h−1 M,
suggesting an increase in mean mass with redshift. However
their results are tentative due to poor statistics. We note that
there is a tension between the results of V16 and R12 at low
redshifts. We suggest that the poorly constrained contribution
of the high mass HOD tail in the clustering studies of R12 and
S13 and also the assumption of a redshift independent HOD
act as caveats in our theoretical modeling, which in turn re-
mains inconclusive about the true amplitude of the halo gas
signal at low redshifts.
In Fig. 3, we compare 〈Etot〉 obtained by C16 (pink circle)
with the theoretical estimates from KS and PC13 models us-
ing R12 and S13 HODs. The limits for the redshift integral
in Eq. 6 are taken as zmin = 0.5 and zmax = 3.5. We find that
using the R12 host halo distribution , our estimate for the host
halo signal (blue square for PC13 and brown asterisk for KS)
is greater than the observed signal. Using the S13 HOD (cyan
cross for PC13 and black dot for KS), our estimate is consis-
tent with the observed signal within error-limits, leaving no
room for excess heating due to feedback. By assuming host
halo masses of quasars to vary to (1−5)×1012 h−1 M, C16
noted that gravitational heating could account for only 30%
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of the observed signal. However, modeling the average host
halo signal using the R12 HOD at the median redshift of their
sample (z = 1.85), they found that the observed signal could
be explained with gravitational heating alone.
From Figs. 1, 2 and 3 we note that the KS model systemat-
ically over-estimates the host halo signal in all cases because
of the absence of gas cooling and star formation. Thus, the
level of host halo signal weakly depends on the details of the
Y-M calibration with a more stronger HOD dependence as in
all cases S13 HOD gives a much lower estimate.
4. DISCUSSION
Several observational evidences and theoretical models
suggest that there exists a strong link between galaxy evo-
lution and the growth of super massive black holes (SMBH)
at galaxy centers (e.g., Merritt & Ferrarese 2001; Tremaine
et al. 2002; Graham et al. 2011). The key ingredient to this
link has been attributed to feedback from the central black
hole (e.g., Shankar et al. 2004; Hopkins et al. 2006; Lapi et al.
2006; Hopkins et al. 2008; Di Matteo et al. 2008; Booth &
Schaye 2009; Ciotti & Ostriker 2007). Different observational
probes, such as the SZ effect, have been proposed in the lit-
erature to systematically study the effect of feedback on the
gas in the ICM (see references in Chatterjee et al. 2015). The
noise sensitivity and the angular resolution of current and pro-
posed CMB experiments are just in the limit of detecting the
SZ signal from quasar feedback.
However, a key issue related to this detection involves dis-
entangling the signal from the SZ effect arising from the viri-
alized gas in the host dark matter halos of AGN. In recent
work the effect has been mostly studied with bright quasars
due to their abundance in large surveys. We observe that
while estimating the SZ contribution from quasar hosts, most
studies assume the host halos of quasars to lie in the range of
≈ 1012M, which happens to be the peak in the mass distri-
bution of quasar hosts (see R12). In this study, we emphasize
the importance of understanding the implication of the full
host halo mass distribution of quasars in characterizing the
SZ signal from the virialized gas. Recent measurements of
quasar HOD allows us to account for this correction.
An important component to this approach lies in model-
ing the redshift dependence of the quasar HOD which is yet
to be understood in numerical simulations (or semi-analytic
work). For low-luminosity AGN, C12 (HOD model used in
this work) report a redshift dependence of the HOD parame-
ters but the results are tentative due to lack of statistics. We
also note that while fitting the 2PCF of z ≈ 1 quasars, R12
interpret the derived HOD to be representative of the ‘true
HOD’ of quasars at the median redshift of their clustering
sample. R12 validates this assumption by claiming that the
true HOD at the median redshift will be represented by the
measured HOD from the 2PCF constructed over a wide red-
shift range, if the redshift evolution of the 2PCF (and the HOD
thereof) is confined within the statistical errors of the 2PCF.
In our analysis we adopted a redshift independent HOD fol-
lowing the argument in R12. But, we note that once the statis-
tical power of the 2PCF measurements increase substantially,
the redshift evolution of the HOD needs to be accounted in
studies involving quasar hosts. We also note that there can
be possible theoretical bias regarding the model of the HOD
itself, since the current 2PCF measurements are degenerate to
varying theoretical models. We refer the reader to R12 for
more discussion on this. Direct measurement techniques of
the quasar HOD (Chatterjee et al. 2013) can provide alterna-
tive ways to break this degeneracy.
Besides the HOD description, another major component for
disentangling the two signals is governed by the assumptions
on feedback models. Most studies assume a thermal mode of
feedback and predict that the hot gas coming from the cen-
tral SMBH is responsible for increasing the temperature of
the plasma while decreasing the gas density around it (e.g.,
Chatterjee et al. 2008; Scannapieco et al. 2008; Battaglia et al.
2010). These studies show that the result of these two op-
posite effects is still responsible in enhancing the SZ signal
from what is expected due to virialized gas. As discussed
before, these predictions are model dependent and the possi-
bility of a decrement of the signal is yet to be ruled out. We
note that within the restrictions of the assumed model of feed-
back Chatterjee et al. (2008) predicts that the SZ effect from
quasars is more enhanced at high redshift when the black hole
is more active. We do observe a similar trend in the results of
R15 where they claim that the enhanced SZ signal from the
high redshift stack is a result of quasar feedback.
Another important issue is related with the gas model we
use to obtain the SZ signal from quasar hosts. The K-S model
assumes a polytropic equation of state and neglects the intri-
cate astrophysics in galaxy groups and clusters. Improvement
over the K-S model has been proposed by different authors
(e.g., Bode et al. 2009; Shaw et al. 2010) and for more accu-
rate modeling of the ICM we would need to consider these up-
graded models. But we note that the observationally derived
PC13 scaling provides similar results. We hence propose that
the constraints on the quasar HOD seem to be the dominating
source of uncertainty in determining the host halo SZ signal
and hence the exclusion of more detailed cluster physics does
not alter our conclusion.
Our study thus shows that within the framework of our sim-
plified assumptions it is difficult to disentangle the halo signal
from the feedback signal at low redshifts. However at higher
redshifts (z > 2.5), there is evidence for enhanced signal that
cannot be explained with gravitational heating alone. Future
AGN surveys will enhance the statistical power of 2PCF mea-
surements providing tighter constraints on quasar/AGN HOD.
That would allow us to estimate the SZ signal from quasar
hosts with better precision. The pre-requisite for interpreting
those results links to a superior theoretical understanding of
the HOD itself (e.g., accurate redshift evolution). We thus em-
phasize the need for both theoretical and observational studies
of the HOD for better understanding of the relationship be-
tween quasars and their host dark matter halos. Our analysis
on the need for precise determination of the HOD is not only
important for determination of quasar SZ signal but is essen-
tial for using quasars as probes of the high redshift Universe.
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